In this study, we measured transfection efficiency in vitro and in vivo using the following nonviral approaches of gene delivery: injection of plasmid DNA, electroporation -assisted, liposome -enhanced, and integrin -targeted gene delivery, as well as the combination of these methods. Four histologically different tumor models were transfected with a plasmid encoding the green fluorescent protein ( GFP ) ( B16 mouse melanoma, P22 rat carcinosarcoma, SaF mouse sarcoma, and T24 human bladder carcinoma ) using adherent cells, dense cell suspensions, and solid tumors. Emphasis was placed on different electroporation conditions to optimise the duration and amplitude of the electric pulses, as well as on different DNA concentrations for effective gene delivery. In addition, transfection efficiency was correlated with cell density of the tumors. The major in vivo findings were: ( a ) electroporationassisted gene delivery with plasmid DNA, employing long electric pulses with low amplitude, yielded significantly better GFP expression than short electric pulses with high amplitude; ( b ) electroporation combined with liposome -DNA complexes yielded the highest percentage of transfected tumor area in B16F1 tumor ( 6% ); ( c ) transfection efficiency of electroporation -assisted plasmid DNA delivery was dependent on tumor type; ( d ) integrin -targeted vector, alone or combined with electroporation, was largely ineffective. In conclusion, our results demonstrate that some nonviral methods of gene delivery are feasible and efficient in transfecting solid tumors. Therefore, this makes nonviral methods attractive for further development.
T he main stumbling block in gene therapy of various diseases still remains the effective and safe delivery of genes to the target tissue. Most of the current vectors are viral, among which adeno -and retroviruses are commonly used. Although transfection using these vectors is relatively high, several drawbacks have to be taken into consideration when using this approach of gene delivery in a clinical setting, such as eliciting an immune response and concerns about patient safety. 1, 2 In contrast to viral vectors, nonviral methods of gene delivery result in lower transfection efficiency, but they lack pathogenicity and can package large amounts of plasmid DNA. Specifically, it has been shown that cationic liposomes are clinically well tolerated, easy to produce, noninfectious, nonimmunogenic, and able to transfect slowly dividing cells. 3, 4 Receptor-mediated gene delivery can potentially improve efficiency and safety further by selectively targeting a cell population expressing the surface receptor for a ligand. The efficiency of gene transfer by receptor-mediated endocytosis of polycation -DNA complexes has been enhanced by the incorporation of endosomolytic agents, such as adenoviral capsids or fusogenic peptides. 5 -7 These artificial viruses have the potential to exploit the efficiency of viral vectors and the advantages of liposomes. The combination of lipofectin -based liposomes with integrinbinding peptides has been shown to promote receptormediated endocytosis of DNA and also reduce endosomal degradation through lipid-mediated destabilisation of the endosomal membrane. 8 Efficient transfection was demonstrated in a number of cell types in vitro and in bronchial and alveolar cells in vivo, with transgene expression sustained for 3 -7 days. 8 -10 Electroporation (Ep ) as a gene delivery method for cells in vitro is an established method. Recently, it was employed in preclinical studies on animal models and also in clinical settings for delivery of chemotherapeutic drugs with very high antitumor efficiency and negligible side effects. 11, 12 In addition, some recent studies have examined the use of electroporation to deliver plasmid DNA to various types of tissues in vivo, such as skin, liver, testis, brain, skeletal muscle, and tumors. 13 Various settings of electroporation were used, with no general conclusion on the optimal electrical, DNA, and environmental parameters for effective DNA transfer, especially when delivering DNA to tumors. High -voltage microsecond pulses, which were used in electrochemotherapy, and low-voltage milliseconds pulses, which were found to be the most suitable for skeletal muscle transfection, were both used in gene delivery protocols for transfecting tumors. 13 -15 However, no detailed study using different amplitudes and duration of the delivered electric pulses has been performed so far.
The aim of our study was therefore to measure transfection efficiency using a plasmid encoding the green fluorescent protein (GFP ) in histologically different tumor models both in vitro and in vivo. Different nonviral approaches of gene delivery were compared and combined to establish the most effective method. Compared were naked DNA injection, electroporation -assisted, liposomes-enhanced, and receptormediated gene delivery method, including the combination of these methods. Emphasis was on different electroporation conditions, in order to optimise the duration and amplitude of the electric pulses, as well as on different DNA concentrations, for effective gene expression.
Materials and methods

Cell lines and tumor models
B16F1 mouse melanoma ( CRL6323; American Type Culture Collection, Manassas, VA ), P22 rat carcinosarcoma, 16 SaF mouse sarcoma, 17 and T24 human bladder carcinoma ( European Collection of Cell Cultures, Ref. no. 92091712 , Salisbury, UK) were used in this study. All cells were maintained in Dulbecco's modified Eagle's medium ( Life Technologies, Paisley, UK ) with 10% fetal calf serum and L -glutamine in a 5% CO 2 humidified incubator at 378C.
Tumors were implanted subcutaneously in the flank of C57Bl/ 6 mice ( B16F1 ), SCID mice ( P22 and T24 ), and CBA mice ( SaF ) and grown to a size of 6-7 mm in diameter. Procedures were performed with approved protocols, in accordance with the UK Animals (Scientific Procedures ) Act 1986 and with the approval from the Ethical Review Committee of the Gray Cancer Institute.
Gene transfection in vitro
The commercial plasmid, pEGFP -N1 ( Clontech, Basingstoke, UK ), encoding the enhanced GFP controlled by the cytomegalovirus promoter, was used throughout to assess transfection efficiency. Cells from exponential growth phase were used in all experiments. Two different conditions of in vitro transfection were tested -either adherent cells ( optimised in vitro) or dense cell suspension ( simulated in vivo conditions ). 8, 9 The in vitro conditions for adherent cells were as follows: 1.5 L of lipofectin ( Life Technologies ) and 2.0 g of DNA ( LD ), or 1.5 L of lipofectin, 3.4 g of integrin -targeted peptide, and 2.0 g of DNA (LPD ) in 1 mL of OptiMEM (Life Technologies ) per 1-3Â10 5 preplated adherent cells. 8 Transfection was performed for 5 hours at 378C. After that, 5 mL of OptiMEM was added to the cells and left overnight in a 5% CO 2 humidified incubator at 378C.
The in vitro conditions for dense cell suspensions were as follows: 10 g of DNA ( D10 ); or 50 g of DNA (D50 ); or 7.5 L of lipofectin and 10 g of DNA (LD ); or 7.5 L of lipofectin, 20 g of peptide, and 10 g of DNA (LPD ) in 75 L of Hank's balanced salt buffer, with or without subsequent electroporation. The concentrations used for LD and LPD were about 5 -fold of those used for adherent cells, and equivalent to those used in vivo (see below ). Electroporation was performed by placing the cells ( 1Â10 6 cells in 50 L of suspension ) between two flat parallel stainless steel electrodes with a 2-mm gap connected to the electroporator ( built in -house ) and subjected to eight square wave electric pulses ( pulse width 5 milliseconds, repetition frequency 1 Hz, electric field intensity 600 V / cm ). After exposure to electric pulses, the cells were incubated for 5 minutes at room temperature. After that, 5 mL of OptiMEM was added to the cell suspension and left overnight in a 5% CO 2 humidified incubator at 378C.
Transfection efficiency was analysed 24 hours after transfection by fluorescent activated cell sorting ( Becton Dickinson, Oxford, UK ) and defined as the percentage of cells with increased fluorescence over untransfected controls. Experiments were performed at least three times using duplicate samples.
Gene transfection in vivo
DNA or DNA complexes were injected intratumorally (i.t. ) with or without subsequent electroporation. Electric pulses were delivered to anesthesized animals ( Metofane; C -Vet, Edmonds, UK ), as previously described. 18 Briefly, the applicator consisted of two flat parallel electrodes 7 mm apart ( two stainless steel strips, width 7 mm, with rounded corners ). Electrodes were placed percutaneously at the opposite margins of the tumor. Good contact between the electrodes and the overlying skin was assured by means of a conductive gel (Parker Laboratories, Fairfield, NY ). Eight square wave pulses of different amplitudes and pulse duration at repetition frequency of 1 Hz were generated by a Jouan GHT 1287 electroporator ( Jouan, St. Herblaine, France ) or an electroporator built in -house. Different electric pulse amplitude, pulse duration, and DNA concentrations were further tested on the SaF tumor model to determine the optimal protocol for in vivo transfection of solid tumors using electroporation.
Plasmid DNA was injected at 50 g/tumor ( D50 ), or 50 g of DNA with Ep1: voltage /electrode distance ratio 600 V /cm, pulse length 5 milliseconds (D50Ep1 ); or 50 g of DNA with Ep2: voltage /electrode distance ratio 1200 V /cm, pulse length 0.1 millisecond ( D50Ep2 ). Initial experiments using DNA lipofectin or DNA lipofectin peptide mixtures were carried out in P22 and SaF tumors ( two to four tumors each ). The tumors were excised 24 hours after treatment and were either rapidly frozen in liquid nitrogen and stored at À 708C for subsequent analysis of reporter gene expression, or fixed with formaldehyde, paraffin-embedded, and stained with haematoxylin /eosin (H&E ) for determination of necrosis and cell density.
To visualise GFP fluorescence, frozen sections (20 m) of the tumors were cut at different depths throughout the tumor. On average, 20 sections were cut per tumor. An epifluorescence microscope ( Nikon type TE200 ) with a narrow band filter ( 500 -510 nm; Glen Spectra, Stanmore, UK ), equipped with a custom -made imaging system, was used to visualise GFP fluorescence and to quantify fluorescent area. Transfection efficiency was defined as the percentage of tumor area expressing GFP with regard to the total tumor area.
Cell survival after treatment
Cell survival after in vitro transfection was estimated using the MTS ( Promega, Southampton, UK ) proliferation assay according to manufacturer's instructions. Cell survival in vivo was estimated by determining the percentage of necrotic area from H&E -stained sections using image analysis. Six fields were scored per section and six tumor sections were used.
Cell density assessment
In H&E -stained tumor sections, the number of cells in the microscopic fields was determined by image analysis. Six fields were scored per section and three to six tumors were used per tumor model. Cell density was expressed as average number of cells in the fields.
Statistical analysis
Significance tests were carried out on the data groups using analysis of variance followed by the Student's t test for individual pairwise comparisons, with values of P <.05 considered as significant.
Results
In vitro transfection efficiencies
Transfection efficiencies in vitro varied depending on the protocol and the cell line used (Fig 1, a and b ) . Using preplated adherent cells (optimised in vitro conditions) ( Fig  1a ) , integrin -targeted transfection (LPD ) was very effective for T24 tumor cells with 66% of the cells transfected, which was significantly better than using lipofectin ( LD ). LPD was also more effective for P22 cells; whereas for SaF and B16 cells, there were no differences between the two methods, resulting in approximately 30% and 15% cells transfected, respectively.
Electroporation of dense cell suspensions ( simulated in vivo conditions) ( Fig 1b ) , with or without LD, was significantly more effective in B16 melanoma compared to other cell lines used in the experiments. In addition, under simulated in vivo conditions, LPD transfection with or without electroporation was more effective than transfection with DNA alone, but much less compared to DNA or LD combined with electroporation. Transfection with LD alone or combined with electroporation was generally much more effective than transfection with DNA alone. In P22 cells, In vitro transfection efficiencies in rodent and human cell lines using lipofectin -enhanced ( LD ) and integrin -targeted ( LPD ) methods; optimised for in vitro conditions. Experiments were performed at least three times using duplicate samples. Bars are arithmetic means ( AM ) ± standard error of the mean ( SE ). *P < .05 compared to LD group. B: In vitro transfection efficiencies using different DNA concentration ( D10, 10 g of DNA; D50, 50 g of DNA ), lipofectin -enhanced ( LD ), and integrin -targeted ( LPD ) methods with or without subsequent electroporation ( D10Ep, D50Ep, LDEp, LPDEp ) in simulated in vivo conditions. Experiments were performed at least three times using duplicate samples. Bars are AM ± SE. *P < .05 compared to specific group without Ep.
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Nonviral gene delivery to solid tumors M Cemazar et al transfection efficiency using 10 g of DNA was better than transfection efficiency using 50 g of DNA, possibly due to the toxicity of high concentrations of DNA for this particular cell line. An MTS proliferation assay showed that electroporation generally reduced survival by 20%, whereas survival of SaF cells was reduced by 50%. LD and LPD methods alone did not reduce cell survival. Interestingly, in combination with electroporation, LPD transfection tended to increase cell survival compared to DNA or LD. Hence, LPD transfection combined with electroporation resulted in lower transfection efficiency, but higher cell survival ( data not shown ).
In vivo transfection efficiencies
Transfection in vivo was far less efficient than under in vitro conditions ( Fig 2 ) . Similar to the in vitro data, transfection efficiencies varied depending on the protocol and the tumors used. Parameters tested were: plasmid DNA injection (D50 ), electric pulse (Ep ) duration and amplitude, lipofectin -DNA complex ( LD ), lipofectin -peptide-DNA mixtures (LPD ), and combinations of these. LD transfection was only measurable in P22 and SaF tumors but was significantly improved by Ep in B16F1 and P22 tumors. In general, the most effective transfection method was electroporationassisted transfection using plasmid DNA or lipofectin -DNA complexes, which were superior to lipofectin -DNA complexes alone, and the integrin -targeted peptide transfection method. Transfection using simple i.t. DNA injection was detectable only in P22 and SaF tumors with 0.013% and 0.03% of transfected area, respectively. Lipofectin -enhanced transfection using lower DNA concentration than plasmid DNA injection was more effective than DNA injection alone, except in the T24 tumors where lipofectin -enhanced method with or without subsequent electroporation did not yield GFP expression. In all tumors tested, integrin -targeted transfection alone or combined with electroporation resulted in negligible GFP expression. These results were similar to the In all tumor models, Ep1 ( 600 V / cm, 5 milliseconds, 1 Hz ) yielded significantly better transfection efficiency compared to Ep2 ( 1300 V / cm, 0.1 millisecond, 1 Hz ). *P < .05 compared to specific group without Ep.
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Nonviral gene delivery to solid tumors M Cemazar et al data obtained under simulated in vivo conditions, where this transfection method was less effective than lipofectinenhanced or electroporation -assisted gene delivery methods. Electroporation using two different electrical parameters increased GFP expression in all tumors. In all tumor models, Ep1 (600 V /cm, 5 milliseconds, 1 Hz ) yielded significantly better transfection efficiency compared to Ep2 ( 1300 V /cm, 0.1 millisecond, 1 Hz ). This was particularly evident in T24 tumor model, where Ep1 resulted in almost 20 times higher transfection efficiency compared to Ep2. In P22, SaF, and T24 tumors, the transfection efficiency using Ep1 was around 1%, whereas in B16F1 melanoma tumor it increased to 3%. Electroporation also significantly increased transfection efficiency of lipofectin -enhanced transfection, which was the most pronounced in B16F1 tumor with 6.4% of tumor area transfected. This was the highest transfection efficiency obtained in our experimental setup (Fig 2) .
Cell survival estimated by the extent of necrosis in SaF tumors demonstrated that electroporation combined with DNA alone or lipofectin-DNA complexes tended to increase extent of necrosis in tumors, but not significantly compared to untreated control (Fig 3 ) . Addition of the integrin -targeted peptide to the mixture, which appeared to abolish transfection in all tumor models, on the other hand, protected cells from dying, similarly to the simulated in vivo conditions.
Further studies were conducted in SaF tumors to improve electroporation -assisted gene delivery by changing pulse amplitude and duration, as well as DNA concentration. Amplitude dependence was tested at two different pulse lengths, 0.1 and 5 milliseconds (Fig 4, a and b ) . Highvoltage electric pulses at short pulse duration were ineffective in transfecting tumors yielding less than 0.1% transfected tumor area (Fig 4a ) . Electric pulses using longer pulse duration and lower amplitude proved to be significantly more effective compared to high pulse amplitude with short duration. Furthermore, with increasing electric pulse amplitude, transfection efficiency increased, with up to 1% tumor area transfected at 600 V / cm, 5 milliseconds (Fig 4b) . This increase was, however, not statistically significant compared to 200 V / cm.
Transfection efficiency was also dependent on the pulse duration at 600 V /cm ( Fig 5 ) . Transfection was obtained above the pulse duration of 1 millisecond with transfection efficiency at around 1%, therefore demonstrating a threshold phenomenon. Although not statistically significant, longer pulse duration appeared to yield better transfection efficiency compared to shorter pulses.
Transfection efficiency in SaF tumors was not affected by increasing the DNA amount injected in tumors in the same volume from 10 to 150 g combined with Ep1 (Fig 6 ) . Although a trend existed for increased transfection efficiency with higher DNA amounts, this was not statistically significant.
Cell size and cell density were proposed to influence electroporation -assisted transfection. 19, 20 This was investigated for the two most effective transfection regimes, namely plasmid DNA with Ep1 and Ep2. Figure 7 Correlation between cell density and transfection efficiency using two different electroporation protocols ( Ep1: 600 V / cm, 5 milliseconds; Ep2: 1200 V / cm, 0.1 millisecond ). Data points are AM ± SE of four to eight tumors per point.
Nonviral gene delivery to solid tumors M Cemazar et al correlation between cell density and transfection efficiency was found (r =0.64 and 0.49 for Ep1 and Ep2, respectively ), which indicates that transfection efficiency is better at lower cell density, with B16F1 melanoma having the lowest density of the four tumors tested (Fig 7) .
Discussion
In this study, the transfection efficiency of four nonviral methods of gene delivery and their combinations were compared. A plasmid encoding GFP was delivered to four histologically different tumor models in vitro and in vivo using either naked DNA injection, electroporation-assisted, liposome -enhanced, integrin -targeted gene delivery methods, or combinations of these methods. The results show that in vitro models are generally not predictive for the more complex in vivo situation, especially when using electroporation for gene delivery. The in vivo results demonstrate that electroporation -assisted, as well as lipofectinenhanced, gene delivery methods to solid tumors in vivo are feasible with relatively good transfection efficiency in some tumors.
Our results demonstrated that electric pulses of lower amplitude and longer duration (600 V /cm, 5 milliseconds ) yielded significantly better transfection efficiency of plasmid DNA, compared to electric pulses of higher amplitude and shorter duration ( 1200 V /cm, 0.1 millisecond ). Therefore, the electroporation protocol employing longer pulses was used in combination with the liposome -DNA complex and with integrin -targeted vectors. Due to the limitation of the injection volume into the tumors (50 L ), DNA amounts in the lipofectin -DNA complex and in integrin -targeted vector had to be reduced to 20 and 10 g per tumor, respectively, compared to 50 g per tumor in the case of plasmid DNA injection. Liposome -enhanced gene delivery, by itself, even at less than half the DNA amount, was better than plasmid DNA injection alone. These results are in accordance with several preclinical and clinical studies demonstrating efficient gene transfer to solid tumors using i.t. liposome -DNA complexes injection. 21 -23 Furthermore, if we take into account lower DNA concentration, liposome -enhanced method combined with electroporation yielded better transfection than electroporation combined with plasmid DNA ( except in the case of T24 human bladder carcinoma ). Our results on T24 carcinoma are in agreement with the observation made by Wells et al. 24 They found that electroporation increased transfection efficiency of plasmid DNA in MC2 mammary tumors, but not of a liposome -DNA complex. 24 The reason for that is currently not known, but it might be due to the tumor type because other tumor types in our study responded well to this combination with evident transfection.
In contrast to expectations, the integrin -targeted method was ineffective in vivo in solid tumors. In vitro data using this vector were promising, showing high transfection efficiency, and a recent in vivo report demonstrated delivery of the lacZ reporter gene to the lung, transfecting bronchial epithelium and parenchymal cells with similar efficiency to an adenoviral vector and with greater efficiency compared to cationic liposomes. 8 -10 A possible reason for the lack of GFP expression in tumors is the very low amount of DNA used in our experiments. In the study of Jenkins et al, 10 fivetimes-higher DNA amounts were used to transfect the lung. In our study, the DNA amount was reduced due to tumor size and consequently limited DNA injection volume. On the other hand, the integrin -targeted method protected cells from dying from electroporation. This was shown in dense cell suspensions in vitro ( simulated in vivo conditions ) and in transfection of solid tumors in vivo. The reason for this observation is currently unknown, and deserves further studies. It could be due to the fact that electroporationinduced damage to the cell membrane is counterbalanced by binding of the integrin -targeted peptide to the receptors, leading to a signalling cascade.
Several studies have already reported the use of electroporation for gene delivery in vivo to different tissues. 13 In the case of tumors, many different electrical parameters for electroporation were employed for delivering plasmid DNA encoding either reporter (luciferase, -galactosidase, GFP ) or therapeutic genes (IL -12, Stat3, GM -CSF, IL -2). 25 -35 Our study focused on optimisation of plasmid DNA delivery to tumors by using different electrical parameters and DNA concentrations in the SaF tumor model. Transfection was achieved with all electrical conditions tested; however, pulses of lower amplitude and longer duration yielded significantly better transfection efficiency. These results are in agreement with the results of Rols et al, 29 showing that approximately 4% of cells in B16 melanoma tumors was transfected using 800 V /cm amplitude / electrode distance ratio and 5 milliseconds pulse duration. Furthermore, these results also support the results presented by Bettan et al, 33 although in that study only long duration pulses with varying pulse amplitude were used. Based on the current results, further studies on pulse amplitudes and duration in different tumor models are needed to make predictions of optimal electroporation conditions for transfection of different tumor types. Also, these studies, as well as a computer modelling of the response of different tissues to the different electroporation conditions, are needed to determine whether the use of longer pulses than used in our study, with low amplitude, may yield better transfection efficiency.
Our study showed that transfection efficiency varied between the tumor models used. Of the four histologically different tumors used, melanoma was easier to transfect than carcinoma, followed by carcinosarcoma and sarcoma. Therefore, it is apparent that tumor type is an important determinant for successful transfection. It was already proposed that this observation could be due to the specific properties of the tumor tissue, such as differences in tissue organisation, in extracellular matrix, presence or absence of necrosis, overall tissue conductivity, the ability of cells to express transfected genes, cell density, and cell size. 13, 19, 33 A correlation between cell density and transfection efficiency by electroporation demonstrated that lower cell density yielded better transfection (Fig 7 ) , which is in agreement with in vitro data obtained on adherent cells. 36 The correlation was not very high, as only four tumor types Cancer Gene Therapy Nonviral gene delivery to solid tumors M Cemazar et al were included and should be expanded in a further study to prove the hypothesis. As we and others have shown that different intrinsic sensitivities to electroporation exist between different cell types in vitro, this might also be the case in solid tumors in vivo. 37, 38 It has already been shown that electroporation, in addition to the direct effect on cell membranes, also affects the cytoskeleton and chromosomal DNA, and therefore might trigger different cellular processes leading to apoptosis or necrosis. 39, 40 Another factor, which should be taken into account for gene delivery in vivo, is the amount of hypoxia (low oxygen ) present in the solid tumors. In vitro nonviral transfection was shown not to be reduced by hypoxia. 9 However, GFP fluorescence in T24 tumor cells in vitro and in vivo was shown to be reduced by low oxygen tension. 41 In that report, a heterogeneity of GFP expression was detected in solid tumors grown from stably transfected T24 cells. 41 It is, therefore, possible that transfection efficiencies in solid tumors were underestimated in this report.
It appears that an immune response did not influence the efficacy of the nonviral gene delivery methods because two tumors ( SaF, B16F1 ) were implanted in immunocompetent and two (P22, T24 ) in immunocompromised animals. Therefore, in contrast to viral gene delivery, our study with nonviral gene delivery further supports the notion that these methods are not eliciting an immune response and are feasible regardless of the immune status.
In conclusion, our results demonstrate that nonviral methods of gene delivery are feasible and show promise to replace the viral methods of gene delivery. However, further studies are needed to optimise these methods for clinical applications.
